Shear-printing is a promising processing technique in organic electronics for microstructure/charge transport modification and large-area film fabrication. Nevertheless, the mechanism by which shear-printing can enhance charge transport is not well-understood. In this study, a printing method using natural brushes is adopted as an informative tool to realize direct aggregation control of conjugated polymers and to investigate the interplay between printing parameters, macromolecule backbone alignment and aggregation, and charge transport anisotropy in a conjugated polymer series differing in architecture and electronic structure. This series includes (i) semicrystalline hole-transporting P3HT, (ii) semicrystalline electrontransporting N2200, (iii) low-crystallinity hole-transporting PBDTT-FTTE, and (iv) low-crystallinity conducting PEDOT:PSS. The (semi-)conducting films are characterized by a battery of morphology and microstructure analysis techniques and by charge transport measurements. We report that remarkably enhanced mobilities/conductivities, as high as 5.7×/3.9×, are achieved by controlled growth of nanofibril aggregates and by backbone alignment, with the adjusted R 2 (R 2 adj ) correlation between aggregation and charge transport as high as 95%. However, while shearinduced aggregation is important for enhancing charge transport, backbone alignment alone does not guarantee charge transport anisotropy. The correlations between efficient charge transport and aggregation are clearly shown, while mobility and degree of orientation are not always well-correlated. These observations provide insights into macroscopic charge transport mechanisms in conjugated polymers and suggest guidelines for optimization. natural brush-printing | shear effects | polymer alignment | polymer aggregation | polymer charge transport T he key attribute of fabrication processes for next-generation low-cost consumer electronic products composed of unconventional optoelectronic devices, such as organic photovoltaic (OPV) cells, organic LEDs, and organic field effect transistors (OFETs), will be economical solution deposition methodologies (1-4). However, to achieve these ends, it is essential that charge transport in the organic (semi-)conducting layer(s) of these devices meet rigorous performance and reliability standards for mass production (5-7). Science-based film processing techniques capable of increasing charge carrier mobility and electrical uniformity by manipulating/aligning the film microstructure typically rely on mechanical stretching, high-temperature rubbing, or shearprinting (8-10). Among these methodologies, shear-printing has been of primary interest because of its applicability to large-area film fabrication, microstructure control, and enhancement of charge transport characteristics. Shear effects have enabled longrange backbone orientation/alignment in conjugated polymers, thereby increasing charge transport metrics (5, 11, 12) as well as charge transport anisotropy (13, 14) . Previous shear-printing studies have mainly explored the relationship between carrier mobility (μ) enhancement, charge transport anisotropy, and polymer backbone alignment, typically using the optical dichroic ratio (DR) to assess the degree of backbone alignment (9, 15, 16) . For example, by controlling the ink flow directionality by bar-coating techniques, shear-aligned thin films of a naphthalediimide polymer exhibit highly oriented chains (DR = 4.8), substantial transport anisotropy (∼20.1), and increased electron mobility (4.1 cm 2 V −1 s −1 ) in the macromolecule alignment direction (9).
Shear-printing is a promising processing technique in organic electronics for microstructure/charge transport modification and large-area film fabrication. Nevertheless, the mechanism by which shear-printing can enhance charge transport is not well-understood. In this study, a printing method using natural brushes is adopted as an informative tool to realize direct aggregation control of conjugated polymers and to investigate the interplay between printing parameters, macromolecule backbone alignment and aggregation, and charge transport anisotropy in a conjugated polymer series differing in architecture and electronic structure. This series includes (i) semicrystalline hole-transporting P3HT, (ii) semicrystalline electrontransporting N2200, (iii) low-crystallinity hole-transporting PBDTT-FTTE, and (iv) low-crystallinity conducting PEDOT:PSS. The (semi-)conducting films are characterized by a battery of morphology and microstructure analysis techniques and by charge transport measurements. We report that remarkably enhanced mobilities/conductivities, as high as 5.7×/3.9×, are achieved by controlled growth of nanofibril aggregates and by backbone alignment, with the adjusted R 2 (R 2 adj ) correlation between aggregation and charge transport as high as 95%. However, while shearinduced aggregation is important for enhancing charge transport, backbone alignment alone does not guarantee charge transport anisotropy. The correlations between efficient charge transport and aggregation are clearly shown, while mobility and degree of orientation are not always well-correlated. These observations provide insights into macroscopic charge transport mechanisms in conjugated polymers and suggest guidelines for optimization. natural brush-printing | shear effects | polymer alignment | polymer aggregation | polymer charge transport T he key attribute of fabrication processes for next-generation low-cost consumer electronic products composed of unconventional optoelectronic devices, such as organic photovoltaic (OPV) cells, organic LEDs, and organic field effect transistors (OFETs), will be economical solution deposition methodologies (1) (2) (3) (4) . However, to achieve these ends, it is essential that charge transport in the organic (semi-)conducting layer(s) of these devices meet rigorous performance and reliability standards for mass production (5) (6) (7) . Science-based film processing techniques capable of increasing charge carrier mobility and electrical uniformity by manipulating/aligning the film microstructure typically rely on mechanical stretching, high-temperature rubbing, or shearprinting (8) (9) (10) . Among these methodologies, shear-printing has been of primary interest because of its applicability to large-area film fabrication, microstructure control, and enhancement of charge transport characteristics. Shear effects have enabled longrange backbone orientation/alignment in conjugated polymers, thereby increasing charge transport metrics (5, 11, 12) as well as charge transport anisotropy (13, 14) . Previous shear-printing studies have mainly explored the relationship between carrier mobility (μ) enhancement, charge transport anisotropy, and polymer backbone alignment, typically using the optical dichroic ratio (DR) to assess the degree of backbone alignment (9, 15, 16) . For example, by controlling the ink flow directionality by bar-coating techniques, shear-aligned thin films of a naphthalediimide polymer exhibit highly oriented chains (DR = 4.8), substantial transport anisotropy (∼20.1), and increased electron mobility (4.1 cm 2 V −1 s −1 ) in the macromolecule alignment direction (9) .
Curiously, however, a number of shear-aligned conjugated polymers are reported to exhibit negligible sensitivity of mobility/ conductivity to DR (2, 17) . For example, silicon blade-shearing of poly(diketopyrrolopyrrole-terthiophene) enhances the mobility from 0.35 to 0.80 cm 2 V −1 s −1 with negligible transport anisotropy, yet a large DR = 7 is measured by polarized optical spectroscopy (17) . Similarly, shear deposition of highly conductive poly (3,4ethylenedioxythiophene) :poly(styrenesulfonate) (PEDOT:PSS) films yields a record high conductivity, 4,600 vs. 860 S cm −1 for Significance Shear-printing of electroactive polymers using natural brushes is a promising film deposition technique for printed electronics capable of microstructure control and electrical properties enhancement over large areas. Nevertheless, the interplay between film printing parameters, microstructure development, and charge transport is not well-understood. We report that natural brush-printing greatly enhances charge transport by as much as 5.7× through control of polymer nanofibril aggregate growth and backbone alignment, attributable to the oriented squamae of the natural hair. However, while brush shearinduced aggregation enhances charge transport, we show that backbone alignment alone does not guarantee charge transport anisotropy. These results provide additional understanding of shear-induced enhanced charge transport and set processing guidelines for high-performance printed organic circuitry.
the spin-coated films, with negligible transport anisotropy and DR = 1.6 (2). Thus, the interplay between shear conditions, thinfilm microstructure evolution, and charge transport is far from clear, and a systematic investigation of a series of conjugated polymers differing in structure and electronic properties would be highly desirable.
Various techniques have been developed to induce polymer aggregation (defined as short-range ordered assemblies) and enhance charge transport, including poor solvent-related additions (18) , UV irradiation (19, 20) , and solution aging (21) . However, such aggregation processes typically involve solutions, which may be difficult to control and have restricted process windows that are incompatible with manufacture. Shear-printing with physically etched micro-/nanostructured blades is a promising approach to enhance conjugated polymer alignment and crystallinity, hence charge transport (3, 5, 22) . However, the fabrication of these artificial shear features relies on complicated, expensive photolithography and etching. An alternative methodologically simpler approach, brush-printing, a subset of shear-printing (23) (24) (25) , enables the effective application of shear stress throughout a polymer solution, thereby promoting the extension, alignment, and aggregation of the macromolecular chains. Moreover, bio-derived brush-printing using natural hair offers a unique capacity to control liquid transfer, leading to uniform film formation (26, 27) (Fig. 1A) . The oriented squamae along the natural hair axis should enhance shearing effects, leading to increased polymer aggregation and backbone alignment, in a manner roughly analogous to the physically etched micro-/nanostructured features noted above (3, 5) .
Here, shear-printing using natural hairs, natural brush-printing, is utilized as an effective tool to directly control polymer aggregation and to systematically investigate charge transport in a series of model conjugated polymers differing in crystallinity, electronic structure, and charge transport characteristics. This group includes the semicrystalline hole-transporting semiconductor poly(3-hexylthiophene-2,5-diyl) (P3HT) (28) , the semicrystalline electron-transporting semiconductor poly{[N,N′-bis(2-octyldodecyl)-naphthalene-1,4,5,8bis(dicarboximide)-2,6-diyl]-alt-5,5′-(2,2′-bithiophene)} (N2200) (9), the low-crystallinity hole-transporting semiconductor poly [4,8- (29) (30) (31) , and the low-crystallinity conducting polymer PEDOT:PSS (32) ( Fig. 1 B-E). The microstructures of the directionally brush-printed films are investigated in detail by polarized optical spectroscopy, atomic force microscope (AFM), polarized optical microscopy (POM), and grazing incidence wide-angle X-ray scattering (GIWAXS). Charge transport is investigated in OFETs and also by four-point probe conductivity. Importantly, it will be seen that the adjusted R 2 (R 2 adj ) correlation between aggregation and charge transport is as high as 95%. Shear can promote backbone alignment, thus facilitating aggregation and enhanced charge transport mobility, but cannot necessarily induce charge transport anisotropy for reasons that will be clarified. These results provide additional understanding of shear-induced enhanced charge transport and set processing guidelines for the next generation high-performance printed organic circuitry. 
Results and Discussion
Brush-Printing and Charge Transport. The brush-printing setup is shown in Fig. 1A , with additional details presented in Methods and SI Appendix. To quantify charge transport properties and how they are influenced by the polymer deposition methodology and parameters, OFETs with top-gate, bottom-contact architectures were fabricated with P3HT, N2200, and PBDTT-FTTE, whereas conducting lines were fabricated for PEDOT:PSS. Transport metrics are summarized in Tables 1 and 2 . The transport properties of brush-printed P3HT films in OFETs were first investigated, printing at a speed (ν) of 2.0 mm s −1 , in both directions parallel (jj) and perpendicular (⊥) to the source to drain electric field vs. those fabricated by spin-coating (SC). Typical OFET transfer characteristics ( Fig. 1B) show clear current modulation and saturation. The corresponding μ values were measured in saturation and calculated using standard MOSFET models (1) . Spin-coated P3HT films exhibit a chargecarrier mobility (μ sc ) of 0.04 cm 2 V −1 s −1 , comparable with that reported in other studies (19, 22, 33) . For the brush-printed films, a 4.5× increase in carrier mobility is achieved in both the parallel and perpendicular directions compared with spin-coated samples, resulting in μ jj /μ ⊥ = 0.18/0.15 cm 2 V −1 s −1 . Thus, brush-printing enhances the carrier mobility, but the charge transport anisotropy (μ jj /μ ⊥ ) is only 1.2. The impact of the brush speed (ν = 1.0, 2.0, and 3.0 mm s −1 ) on the P3HT OFET performance was also evaluated, and μ jj increases from 0.12 to 0.18 cm 2 V −1 s −1 as ν increases from 1.0 to 2.0 mm s −1 , while μ jj /μ ⊥ is unchanged. Additional increase in ν to 3.0 mm s −1 result in decline to 0.13 cm 2 V −1 s −1 . Typical transfer characteristics of N2200-based OFETs are shown in Fig. 1C . In contrast to P3HT, N2200-based OFETs fabricated with brush-printed films at optimal deposition speeds exhibit significantly enhanced mobility and charge transport anisotropy. Compared with spin-coated devices, where μ sc = 0.35 cm 2 V −1 s −1 , μ jj for the devices brush-printed at 1 mm s −1 is far larger, and the mobility anisotropy of μ jj /μ ⊥ = 0.55/0.40 cm 2 V −1 s −1 . Moreover, as ν increases to 3 mm s −1 , μ jj /μ ⊥ = 2.0/0.24 cm 2 V −1 s −1 for a maximum mobility increase of 5.7× and an anisotropy of ∼8.3. For PBDTT-FTTEbased OFETs (Fig. 1D ), the brush-printed films at optimal deposition speeds afford increased mobility but with minimal charge transport anisotropy. Interestingly, compared with spin-coated devices, where μ sc = 0.0075 cm 2 V −1 s −1 , the mobility anisotropy is only 1.16 (μ jj /μ ⊥ = 0.029/0.025 cm 2 V −1 s −1 ) for devices brush-printed at 1 mm s −1 . As ν increases to 3 mm s −1 , μ jj /μ ⊥ = 0.04/0.032 cm 2 V −1 s −1 for a mobility anisotropy of ∼1.25. Finally, for a very large ν = 6 mm s −1 , the mobility anisotropy is 1.04, and μ jj /μ ⊥ = 0.026/0.025 cm 2 
The effect of the brush-printing process vs. spin-coating and brush speed effects on the four-point probe electrical conductivity and optical transparency of PEDOT:PSS films are shown in Fig.  1E , Tables 1 and 2 , and SI Appendix, Table S1 . These data indicate that, while the brush-printed films are more conductive and transparent than the spin-coated ones, negligible anisotropy in the electrical and optical characteristics is observed. Thus, the conductivity first increases from 2,500 S cm −1 (ν = 0.5 mm s −1 ) to 3,300 S cm −1 (ν = 1.0 mm s −1 ) and then falls to 1,900 S cm −1 for ν = 3.0 mm s −1 vs. only 850 S cm −1 for the spin-coated films. Concomitantly, the film optical transmittance increases from 92.9% (0.5 mm s −1 ) to 94.6% (1.0 mm s −1 ). Notably, ν = 1.5 mm s −1 is found to achieve the optimal balance between conductivity (3,198 S cm −1 ) and transparency (96.6%) and is among the highest reported performance for PEDOT:PSS films (2). The high conductivity and transparency of these brush-printed PEDOT:PSS films yield excellent transparent conducting anodes for devices, such as OPVs (SI Appendix, Fig. S1 and Table S2 ).
Film Morphological Analysis. The long-range domain order and details of film morphology in these brush-printed polymers were first investigated by POM and AFM, with metrics summarized in Table 3 . For brushed-printed P3HT films, POM shows nearly complete extinction and reemergence of brightness on rotation of the channel long axis from 0°to 45°( Fig. 2A and SI Appendix, Fig. S2 ), suggesting long-range order over the dimensions of the brush-printing direction. From AFM phase mode images ( Fig.  2A) , the surface topology is composed primarily of oriented P3HT fibers. The density and dimensions of the nanofibers increase dramatically on brush-printing (SI Appendix, Fig. S3 ). Statistical analysis of the topology (images in SI Appendix, Fig. S3 ) using the FiberAPP software (34) indicates that the average fiber dimensions increase from 600 × 45 to 900 × 60 nm from spincoating to brush-printing (ν = 2 mm s −1 ), respectively, the latter clearly exhibiting nanofibril growth. The corresponding optical absorption spectra (SI Appendix, Fig. S4 ) indicate an increase in the P3HT 0-0 and 0-1 vibronic features at 620 and 564 nm, respectively, showing enhanced P3HT interchain π-π interactions and aggregation (35) (36) (37) . The degree of P3HT aggregation in the film [i.e., the aggregation fraction (AF)] as a function of processing methodology was quantified from Franck-Condon fits of the optical absorption spectra, and data are shown in Fig. 2B (28, 38, 39) . Compared with the spin-coated P3HT films with AF = 22%, brush-printing enhances the AF dramatically as the brushing rate increases from 1 mm s −1 (AF = 26%) to 2 mm s −1 (AF = 36%) and then declines as the brushing rate increases to 3 mm s −1 (AF = 28%). The degree of P3HT film backbone alignment was next quantified from the optical DR measured using polarized ultraviolet-visible absorption spectroscopy (UV-Vis). From Fig. 2B and SI Appendix, Fig. S5 , while the DR of the spin-coated P3HT films is 1.0, brush-printing increases the DR first from 1.8 to 3.0 and then, to a maximum of 3.5 as the brush-printing speed increases from 0.5 to 2 to 2.5 mm s −1 , respectively. Beyond a speed of 3 mm s −1 , the DR falls to 2.6. For N2200 films, POM analysis and AFM images ( Fig. 2C and SI Appendix, Figs. S6 and S7) indicate long-range order and the formation of oriented nanofibers along the brush-printing direction. From AFM statistical analysis, the fiber dimensions increase from 900 × 55 nm (spin-coating) to 1,600 × 125 nm for brush-printing (ν = 3 mm s −1 ). The principle absorption band at ∼700 nm with a shoulder at ∼780 nm is attributed to the formation of aggregated species, while the band at ∼600 nm is associated with nonaggregated macromolecules (39) . The enhanced intensity of the red-shifted optical absorption band on brush-printing suggests increased aggregation, and data analysis ( Fig. 2D and SI Appendix, Fig. S8 ) indicates that brush-printing substantially increases the AF, with AF = 52, 63, and 57% for ν = 1, 3, and 6 mm s −1 , respectively. Similarly, using DR to quantify N2200 backbone alignment (SI Appendix, Fig. S9 ) reveals that brush-printing enhances DR to a maximum of 4.6 for ν = 3 mm s −1 .
For PBDTT-FTTE films, the POM analysis and AFM images ( Fig. 2E and SI Appendix, Figs. S10 and S11) indicate long-range order and the formation of well-defined nanofibers. From AFM statistical analysis, the fiber dimensions increases from 50 × 20 nm (spin-coating) to 100 × 20 nm for the brush-printed samples (ν = 3 mm s −1 ). From UV-Vis spectra of the PBDTT-FTTE films (SI Appendix, Fig. S12 ), there is an absorbance maximum at λ max ∼ 700 nm (A 0-0 ), with a secondary maximum at ∼650 nm (A 0-1 ), and the (A 0-0 /A 0-1 ) ratio can be correlated with the extent of macromolecular aggregation, with larger values indicating greater aggregation (40) . Note also that PBDTT-FTTE in spin-coated films with A 0-0 /A 0-1 = 1.20 is less aggregated than the brush-printed films (ν = 3 mm s −1 ), with a maximum A 0-0 /A 0-1 = 1.32. Fig. 2F and Table 3 summarize the PBDTT-FTTE aggregation data. Similarly, quantitative DR analysis of PBDTT-FTTE backbone alignment (SI Appendix, Fig. S13 ) indicates that brush-printing enhances DR to a maximum of 2.3 at ν = 6 mm s −1 . Interestingly, negligible long-range orientation of PEDOT:PSS polymer domains can be detected in the POM images ( Fig. 2G and SI Appendix, Fig. S14 ) of brush-printed samples at all speeds. However, the corresponding AFM images (Fig. 2H) indicate that brushprinting promotes formation of well-defined nanofibers vs. the 30-nm-diameter small spherical particles produced by spin-coating (SI Appendix, Fig. S15 ). The formation of nanofibrils is attributed to the interchain PEDOT:PSS aggregation in the brush-printed samples (2, 32, 41) . AFM statistical analysis reveals that the average nanofiber length first increases from 190 to 290 nm as ν increases from 0.5 to 1 mm s −1 and then decreases (250 → 180 → 125 nm) for increasing ν values (1.5 → 2 → 3 mm s −1 , respectively). For both P3HT and N2200, the nanofiber lengths obtained from spin-coating and brush-printing correlate well with the respective AFs, and similar phenomena have been reported for typical conjugated polymer nanofiber aggregations in P3HT and N2200 (9, 21) . In the present study, the ratio of the nanofiber lengths was determined as relative aggregation (RA), with the smallest nanofiber dimension defined as 1.0. Thus, for PEDOT: PSS, the nanofiber dimensions calculated from the AFM images (SI Appendix, Fig. S15 ) were used to quantify the aggregation. It is found that there is negligible nanofiber aggregation in the spincoated films. The lowest level of RA (smallest fiber lengths) for brush-printed PEDOT:PSS films is achieved when ν = 6 mm s −1 . If RA for these samples is normalized to 1.0, it increases from 1.5 to 2.3 and then decreases to 1.5 as ν is increased from 0.5 to 1 mm s −1 , respectively (Fig. 2H ). In comparison, DR for these same brush- printed PEDOT:PSS films (SI Appendix, Fig. S16 ) is >1.0 and increases from 1.3 to 1.9 when ν increases from 0.5 to 3 mm s −1 , respectively. Note that these DRs are even larger than those reported for solution-sheared PEDOT:PSS films, having maximum conductivity (2) . In other work, it was shown that increased poly(3,4-ethylenedioxythiophene) (PEDOT) chain ordering increases conductivity (2, 32, 41) , in agreement with these brushprinting results.
GIWAXS Analysis. The microstructures of P3HT, N2200, PBDTT-FTTE, and PEDOT:PSS films were characterized by GIWAXS at beamline 8-ID-E of the Advanced Photon Source. The diffraction patterns shown in Fig. 3 A, C, E , and G were recorded on a planar area detector, and line cut profiles are shown in SI Appendix, Figs. S17-S20. The GIWAXS-derived structural parameters are summarized in SI Appendix, Table S3 (16, 18) . The GIWAXS P3HT film profiles (Fig. 3A) exhibit several (h 0 0) reflections along the out-of-plane (q z ) direction, corresponding to P3HT lamellar stacking normal to the substrate surface (42) . The crystal orientation was next quantified by the Hermans' orientation factor, f H (33) . For the P3HT (1 0 0) reflection, f H ranges from −0.5 to 1.0, where 1.0 corresponds to perfectly oriented crystal planes perpendicular to the substrate ("edgeon"), −0.5 denotes a lattice plane strictly oriented parallel ("face-on"), and randomly oriented structures have a value of 0. The f H of the brush-printed samples is as high as 0.64, indicating a microstructure with primarily edge-on orientation. It has been reported that the characteristic π−π stacking peak should exhibit maximum intensity when the X-ray incident beam is aligned along the polymer backbone (17, 28) . Thus, the distinct intensity of the (0 1 0) reflection of the brush-printed films between the jj and ⊥ directions provides additional support that the polymer backbones are well-aligned and oriented perpendicular to the brush-printing direction. Thus, the combined GIWAXS, polarized UV-Vis, and POM data indicated that the P3HT polymer chains are edge-on distributed and π-π stacked along the brushprinted direction to form aggregated nanofibrils (Fig. 3B) .
GIWAXS measurements on brush-printed N2200 films (Fig.  3C) indicate preferential face-on polymer crystallite orientation. Additionally, the Hermans' orientation parameter is ∼−0.47 for the brush-printed films, indicating a highly face-on oriented crystalline stacking. The (0 0 1) in-plane stacking peak is located at 0.46 Å −1 , corresponding to a (0 0 1) d spacing of ∼3.50 Å and indicating more dense stacking than in the spin-coated films. Furthermore, the relative in-plane backbone scattering intensity is greater for X-ray incidence perpendicular to the brush-printing direction, consistent with polymer backbone alignment parallel to the brush-printing direction (9) . Thus, combining this GIWAXS analysis with the polarized UV-Vis reveals that the N2200 stacking is distributed face-on, with the backbone aligned parallel to the brush-printing direction (43, 44) (Fig. 3D) .
For PBDTT-FTTE samples, the GIWAXS data (Fig. 3E ) indicate preferential face-on orientation and relatively weaker intensities compared with brush-printed P3HT and N2200 films (40) . Additionally, the Hermans' orientation parameter of ∼−0.29 for the brush-printed films indicates a highly face-on oriented crystalline stacking. Owing to the low crystallinity, no backbone alignment information can be obtained from the GIWAXS. Combining the GIWAXS and polarized UV-Vis data indicates that intermolecular PBDTT-FTTE stacking is face-on distributed, with the backbone aligned parallel to the brushprinting direction (Fig. 3F) . Finally, the PEDOT:PSS film GIWAXS reflections at 0.60 and 1.85 Å −1 (Fig. 3G and SI Appendix, Fig. S15 ) in the out-of-plane direction represent the (1 0 0) lamellar and (0 1 0) π-π stacking, respectively, and there is a low-crystallinity poly(styrenesulfonate) reflection at 1.23 Å −1 (32) . The stronger reflection brush-printed film intensities indicate enhanced crystallinity (45) . The films after brush-printing show stronger (1 0 0) reflections along the q z axis vs. the q xy axis, implying that PEDOT has preferred face-on packing (46) . The combined GIWAXS and polarized UV-Vis indicate that PEDOT:PSS stacking is preferential face-on distributed, with the backbone aligned parallel to the brush-printing direction (Fig. 3H) .
The Brush-Printing Process. At this point, it is important to clarify how brush-printing affects π-electron polymer film morphology as a general guideline for fabricating high-mobility conjugated polymer films. Utilizing N2200 as a model, it can be seen that uniform films with increased nanofiber length (1.4×), backbone alignment (1.9×), enhanced AF (1.3×), and higher carrier mobility (1.5×) are obtained via brush-printing vs. a control deposited with a smooth artificial brush ( Fig. 4B and SI Appendix, Table S4 ). These experimental results reveal that the natural brush squamae structure is effective in achieving substantial levels of polymer chain alignment and intermolecular aggregation. Similar to physically etched micro-/nanostructured features for shear-printing (3, 5, 22) , the oriented natural squamae induced enhanced polymer chain alignment and controllable liquid transfer, resulting in unique microstructure control and mobility enhancement. The principle effects are proposed to be (i) polymer chain extension owing to the extensional flow during the liquid transfer process and (ii) shear effects during film formation process. We now discuss these effects.
Owing to the lower entropic barrier to forming ordered structures, shear-induced chain extension and alignment have long been known to enhance polymer aggregation and crystallization (47, 48) . Among various flow modes, extensional flow has proven to be an effective strategy for promoting crystallization by stretching the polymer chains (49, 50) . Extensional flow in continuous contraction channels is effective in inducing fibril structure formation with enhanced crystallinity (51, 52) . During the brush-printing process, the contraction distribution toward the bottom of the bristles is maintained (26, 27) . As we propose in Fig. 4A , Left, for the liquid transfer process, owing to the special contraction geometry of the liquid transfer channels in the natural brush-printing, the extensional flow is expected to promote polymer chain extension and nanofibril microstructure formation (52) . For the film formation process shown in Fig. 4A , Right, shear effects are expected to further promote polymer chain orientation and nanofibril aggregation. In the case of a Newtonian polymer solution, the shear stress causes the organization of polymer chains. When brush-printing is applied, a shear stress is developed across the polymer solution. There are two boundaries: the polymer solution-substrate and the polymer solution-brush interfaces. The increased ordering of the polymer is likely caused by effective application of shear stress to the polymer chains across the entire depth of the polymer solution during the brushing process (23, 24) . The variation in structural and electrical properties with the brush-printing speed supports the importance of the imposed shear stress.
Charge Transport-Morphology Correlations. Natural brush-printing was applied here as an effective tool to unravel the mechanism of charge transport in different families of semiconducting polymers. The experimental data presented here encompassing multiple polymers and deposition parameters directly address the interplay of shear-microstructure evolution-charge transport. The dependence of DR and charge transport anisotropy on brush-printing speed is shown in Fig. 4C . A minimal charge transport anisotropy of ∼1.2 is observed for the P3HT and PBDTT-FTTE films, with negligible DR correlation. The PEDOT:PSS films exhibit no charge transport anisotropy coupled with backbone alignment. For N2200, there is an obvious charge transport anisotropy with a value up to eight at the optimal brush speed coupled with the largest DR of five. From the results summarized in Fig. 4C , we conclude that shear always enhances backbone alignment but does not necessarily induce charge transport anisotropy. For all polymers investigated here, the R 2 adj between aggregation and charge transport is as high as 95% (Fig. 4D) , with SEs of 0.0107, 0.01678, 0.00952, and 132.2 for P3HT, N2200, PBDTT-FTTE, and PEDOT:PSS, respectively, which is low compared with their intrinsic mobility/conductivity. However, the correlation between backbone alignment and charge transport is 51.6% for P3HT, 61.9% for N2200, 31.8% for PBDTT-FTTE, and 19.2% for PEDOT:PSS (SI Appendix, Fig.  S21 ). Thus, it can be concluded that the enhanced charge transport achieved via brush-printing can be attributed to the increased AF in each system examined. Fig. 4E shows the proposed mechanism of charge transport enhancement and anisotropy via brush-printing. During the brush-printing process, the extended polymer chains can be more easily packed to promote nanofibril aggregate growth, thus enhancing charge transport via densifying intermolecular packing. For P3HT, PBDTT-FTTE, and PEDOT:PSS nanofiber aggregation with small dimensions, charge transport depends on all aspects of film morphology, including polymer orientation, polymer-polymer relative orientation, polymer aggregate orientation, and aggregate domain connectivity. The minimal correlation of charge transport anisotropy and polymer backbone alignment likely reflects (i) small aggregation dimensions and (ii) contributions of amorphous portions and aggregation boundaries in the film (17) .
In most semiconducting polymers, charge transport is primarily intramolecular in nature, with charge transport along the backbone as well as interchain hopping in the π-π stacking direction (53) . P3HT nanofibers are reported to be interconnected by tie chains, which serve as bridges between well-aligned nanofibers to enable efficient charge transport (28) . For N2200, larger-dimension nanofibril aggregation is imposed, and greater charge transport anisotropy reflects the tendency of N2200 to form elongated chains, larger aggregate nanofibril dimensions, and pronounced face-on orientation (with respect to the substrate). Unlike P3HT, where the edge-on orientation (with respect to the substrate) favors inplane charge transport, because of the highly face-on orientation of N2200, the contributions of intermolecular pathways are insignificant. When the N2200 brush-printing direction is parallel to the source-drain electric field, electrons can be efficiently transported along the intramolecular direction parallel to the oriented nanofibril aggregates, and N2200 chains at the aggregation boundaries can be elongated along the channel direction to serve as efficient intramolecular charge transport pathways. Thus, obvious charge transport anisotropy can be obtained for brush-sheared N2200. For brush-printing, charge transport mobility is promoted but will not necessarily induce charge transport anisotropy. With nanofiber aggregation, enhanced charge transport can be obtained in shear-printing. Thus, shear-induced aggregation is the key to enhanced charge transport. This work is likely to have applications in two emerging fields, organic thermoelectrics (54) and organic spintronics (55) , where morphology effects on temperature-voltage and spin-charge conversion are little understood/investigated.
Conclusions
Natural brush-printing is applied here as an effective tool to realize direct aggregation control and to investigate the interplay between backbone alignment, aggregation, and charge transport anisotropy in π-semiconducting polymers. Through a systematic investigation involving multiple conjugated polymer classes differing in structure and transport properties, controllable nanofibril aggregate growth and backbone alignment are obtained, yielding remarkably increased mobilities of 0.21 cm 2 V −1 s −1 for p-type P3HT, 2.3 cm 2 V −1 s −1 for n-type N2200, and 0.044 cm 2 V −1 s −1 for p-type PBDTT-FTTE and a dc conductivity of 3,460 S cm −1 for PEDOT:PSS. For all polymers investigated here, the R 2 adj correlation between aggregation and charge transport is as high as 95%. Such systematic investigations lead to a better understanding of the interplay of shear-printing-microstructure evolution-charge transport in conjugated polymers. (i) Shear-induced polymer aggregation is key to enhancing charge transport. (ii) Shear can promote backbone alignment, thereby facilitating aggregation and enhancing charge transport but not necessarily charge transport anisotropy. The work provides additional insights into the charge transport mechanism for shear-printing and serves as a guide for the rational design of next generation high-performance organic electronics.
Methods
Details of device fabrication and thin-film characterization, GIWAXS line cuts, and correlation coefficient plots can be found in SI Appendix.
Using a brush made of natural sheep hair (Lanxuan Company), conjugated polymer solutions were painted onto the substrates. The brush was held rigid during the film fabrication process, with the printing speed controlled by a motor (Fig. 1A) . For the P3HT, N2200, and PBDTT-FTTE films, top-gate/bottomcontact OFETs were used. For PEDOT:PSS, a four-probe geometry was used to measure sheet resistance, with film thickness quantified by profilometry.
